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ABSTRACT
To probe Pol f functions in vivo via its error
signature, here we report the properties of
Saccharomyces cerevisiae Pol f in which phenyala-
nine was substituted for the conserved Leu-979 in
the catalytic (Rev3) subunit. We show that purified
L979F Pol f is 30% as active as wild-type Pol f when
replicating undamaged DNA. L979F Pol f shares
with wild-type Pol f the ability to perform moder-
ately processive DNA synthesis. When copying
undamaged DNA, L979F Pol f is error-prone com-
pared to wild-type Pol f, providing a biochemical
rationale for the observed mutator phenotype
of rev3-L979F yeast strains. Errors generated by
L979F Pol f in vitro include single-base insertions,
deletions and substitutions, with the highest error
rates involving stable misincorporation of dAMP
and dGMP. L979F Pol f also generates multiple
errors in close proximity to each other. The fre-
quency of these events far exceeds that expected
for independent single changes, indicating that the
first error increases the probability of additional
errors within 10 nucleotides. Thus L979F Pol f,
and perhaps wild-type Pol f, which also generates
clustered mutations at a lower but significant rate,
performs short patches of processive, error-prone
DNA synthesis. This may explain the origin of
some multiple clustered mutations observed in vivo.
INTRODUCTION
DNA polymerase z (Pol z) has a signiﬁcant role in a vari-
ety of replication processes that contribute to mutagenesis
(1,2). The catalytic subunit of Pol z is encoded by REV3.
A second subunit, encoded by REV7, is also essential
for the catalytic activity of Pol z. REV3 and REV7 were
initially identiﬁed in screens for Saccharomyces cerevisiae
mutants that have reduced frequencies of mutagenesis
resulting from exposure to ultraviolet (UV) light (3–5).
Pol z was subsequently implicated in damage-induced
mutagenesis resulting from exposure to additional DNA
damaging agents, including those that cause oxidative and
alkylation damage (1). These studies suggested that Pol z
is a low-ﬁdelity polymerase that is involved in translesion
DNA synthesis (TLS). Deletion of REV3 or REV7 in yeast
reduces the rate of spontaneous mutation by half or
more (1,6–9). This implies that DNA synthesis by Pol z
is required for the majority of spontaneous mutagenesis,
presumably due to TLS past endogenous DNA damage.
Pol z has also been implicated in multiple DNA processing
pathways, including double-strand break repair (10,11),
interstrand crosslink repair (12,13) and somatic hyper-
mutation to diversify immunoglobulin genes (14,15).
Pol z is a member of the B family of DNA polymerases
based on homology, but diﬀers from other eukaryotic
family members in several ways. Unlike Pol d and Pol e,
but like Pol a, Pol z lacks a 30 exonuclease proofreading
activity. When copying undamaged templates in vitro,
the Pol z error rate for insertion-deletion errors is similar
to that of the other exonuclease-deﬁcient B family mem-
bers, while its base substitution ﬁdelity is somewhat lower
(16). DNA synthesis by Pol z in vitro is unique in that
it generates multiple, closely-spaced sequence changes
at higher rates than have been observed for other DNA
polymerases (16). Interestingly, complex mutants are also
a feature of Pol z-dependent mutational spectra in vivo
(6,7,17–19). Pol z has high activity and ﬁdelity for the
bypass of some lesions, such as thymine glycol (20),
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while it has low activity for the bypass of other lesions,
such as cis-syn cyclobutane pyrimidine dimers (CPDs)
(21). Pol z is also promiscuous in extending mismatched
and/or damaged primer termini (22–27). This property has
led to the suggestion that the primary role of Pol z is to
extend mismatched or aberrant primer termini generated
when other DNA polymerases insert nucleotides opposite
lesions (1,22,28,29).
Toward the goal of understanding the contributions of
Pol z and the other B family polymerases to mutagenesis
in vivo, we have been identifying and characterizing
mutant polymerases that retain high catalytic activity
but have reduced DNA synthesis ﬁdelity and an error
signature that is distinctive enough to track polymerase
functions in vivo. The most informative missense alleles
have been obtained by mutating residues homologous to
Leu-415 in bacteriophage RB69 Pol, a B family member.
In the crystal structure of RB69 Pol, Leu-415 is located
adjacent to Tyr-416, a residue in the nascent base-pair
binding pocket of the polymerase active site that contacts
the incoming dNTP (30). Substitutions for RB69 Pol Leu-
415 and equivalent residues in bacteriophage T4 pol and
yeast Pol a, Pol d and Pol e result in mutant polymerases
that have reduced ﬁdelity while retaining robust catalytic
activity (31–40). In family A polymerases, mutating the
equivalent isoleucine residue in the polymerase active
sites of Escherichia coli pol I and Thermus aquaticus
pol I also reduces ﬁdelity (41,42). Substitutions to the
conserved leucine residue in B family polymerases can
also aﬀect the TLS activity. L868F Pol a has an elevated
capacity for TLS past CPDs, 6-4 photoproducts and
apurinic and apyrimidinic (AP) sites (37) and L415F
RB69 pol has elevated ability to insert nucleotides oppo-
site AP sites and 8-oxo-guanine (38). In Pol Z, which is
member of the Y family of low-ﬁdelity TLS polymerases,
the residue equivalent to RB69 Pol Leu-415 is Phe-34.
When leucine is substituted for Phe-34, Pol Z has reduced
TLS activity in vitro (37). Collectively, these studies sug-
gest that the presence of a phenylalanine at this location in
the polymerase active site is particularly important for
DNA synthesis ﬁdelity and for TLS.
Previously, we analyzed six substitutions for
S. cerevisiae Rev3 residue Leu-979, the Pol z residue that
is homologous to RB69 Pol Leu-415. We found that yeast
strains in which phenylalanine or methionine had been
substituted for Leu-979 retained nearly wild-type survival
following exposure to UV, while the frequency of
UV-induced mutations was elevated (43). UV-induced
mutagenesis was particularly high in rev3-L979F rad30D
double mutants, which lack TLS by Pol Z. These data
suggested that L979F Pol z retains catalytic activity and
the ability to participate in mutagenic bypass of UV
photoproducts. In addition, spontaneous mutation rates
were elevated in rev3-L979F and rev3-L979F rad30D
mutant strains (43), implying that the phenylalanine sub-
stitution reduces the ﬁdelity of DNA synthesis by Pol z.
Here we test this possibility by measuring the activity,
processivity, ﬁdelity and error speciﬁcity of L979F Pol z
in vitro. The results reveal an unprecedented ability to
generate clustered sequence changes that likely result
from processive patches of highly error-prone DNA
synthesis, an error signature that may be useful for mon-
itoring Pol z functions in vivo.
MATERIALS AND METHODS
Enzymes
Two-subunit S. cerevisiae Pol z (Rev3-Rev7) and L979F
Pol z (Rev3L979F -Rev7) were expressed in yeast and pur-
iﬁed as previously described (44). Three-subunit S. cerevi-
siae Pol d was expressed in yeast and puriﬁed as previously
described (45). S. cerevisiae RPA, RFC1-5 and PCNA
were expressed in E. coli and puriﬁed as previously
described (46,47).
Measuring polymerase specific activity and processivity
Polymerase speciﬁc activity was measured using activated
calf thymus DNA as previously described (36).
Processivity measurements were performed as described
previously (48). The template strand was a 70-mer of
lacZ sequence with a 50 biotin moiety (50-ATGACCATG
ATTACGAATTCCAGCTCGGTACCGGGTTGACCT
TTGGAGTCGACCTGCAGAAATTCACTGG). Two
primers were annealed to this template: BP14 (50-CCAG
TGAATTTCTG) with a 50 biotin moiety and 32P-labeled
LP16 (50-CAGGTCGACTCCAAAG), which did not
have a 50 biotin moiety. Substrate ends were blocked
with streptavidin (Roche) before use, as described (48).
Each reaction mixture (30ml) contained 40mM Tris–HCl
(pH 7.8), 8mM MgAc2, 100mM NaCl, 1mM ATP,
100 mM of each dNTP, 200 mg/ml BSA, 1 pmol DNA sub-
strate and 120 fmol wild-type Pol z or 200 fmol L979F
Pol z. Where indicated, 1.2 pmol each of PCNA, RFC
and RPA were added. All components except the poly-
merase were mixed on ice and then incubated at 308C
for 2min. Polymerase was added to start reactions, and
samples were removed at indicated times and added to an
equal volume of formamide loading buﬀer (95% deionized
formamide, 25mM EDTA, 0.01% bromophenol blue and
0.01% xylene cyanol) to stop the reaction. Reactions were
performed in duplicate. Samples were analyzed in 12%
denaturing polyacrylamide gels. Products were quantiﬁed
and polymerization parameters were calculated as pre-
viously described (48).
Fidelity measurements
The ﬁdelity of DNA synthesis was measured as previously
described (16). Polymerization reactions were performed
using gapped M13mp2 DNA substrates containing
the lacZa-complementation gene sequence as a template
in either the transcribed, forward (+ strand) or reverse
(– strand) orientation. In order to simplify the preparation
of gapped substrates, the forward (+) and reverse (–)
substrates used here were slightly modiﬁed from those
described previously (16). PvuII sites were introduced
into each substrate by site-directed mutagenesis at
M13mp2 positions 5822–5827 and 5886–5891 using muta-
genic oligonucleotides and T7 DNA polymerase (49).
Gapped substrates were then prepared as described (50)
to create 343-nucleotide single-stranded gaps. Gap-ﬁlling
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reaction mixtures (25ml) contained 20mM Tris–HCl (pH
7.7), 8mM MgAc2, 60mM NaCl, 0.5mM ATP, 100 mM
of each dNTP, 1mM DTT, 100 mg/ml bovine serum albu-
min, 0.1% Triton X-100, 1 pmol Pol z or L979F Pol z,
500 fmol PCNA, 200 fmol RFC, 5 pmol RPA and 25 fmol
(1 nM) of gapped DNA substrate. Polymerization reac-
tions were incubated at 308C for 30min. Examination of
products by agarose gel electrophoresis as previously
described (50) revealed that all reactions ﬁlled the gap
(data not shown). DNA products of gap-ﬁlling reactions
were introduced into E. coli and plated as described pre-
viously to score blue M13 plaques (no detectable muta-
tions) and light-blue or colorless plaques resulting from
DNA synthesis errors (50). The types of errors were deter-
mined by sequencing the lacZa-complementation gene
from single-stranded M13 DNA isolated from indepen-
dent mutant plaques using primer SNM43 (50-CGCGTT
AAATTTTTGTTAAATCAGCTG). Due to the position
of this primer, sequence data were generated for 322 of the
343 nucleotides present within the gap. The sequenced
region includes all of the lacZ sequence and lacks only
the initial 21 nucleotides of M13mp2 sequence.
As previously described (16), the error rates (ER)
for phenotypically detectable mutations were calculated
with the equation ER= [(Ni/N)F]/(D 0.6), where Ni
is the number of mutations of a particular type, N is
number of plaques sequenced, F is the mutant frequency,
D is number of detectable sites for the given mutation type
and 0.6 is the probability of expressing a mutant allele in
E. coli (determined experimentally). The error rates for
phenotypically undetectable mutations were calculated
as ER = Ni/(bN), where b is the number of the times
the template base is observed in the sequenced region. As
it is not possible to calculate an error rate for events that
involve multiple nucleotides over variable distances, error
frequencies (EF) were calculated for complex mutations
and tandem base substitutions using the following equa-
tion: EF=(Ni/N)F.
Statistical analyses
Diﬀerences between error rates were determined using
two-tailed Chi-square analyses. For each type of muta-
tion, the two values used in Chi-square analyses were
the number of mutant plaques observed with that muta-
tion type and the number of plaques of all other types
(Nnot i) expected based on the error rate, which were cal-
culated as Nnot i = (Ni/ER) – Ni. For example, to test if
wild-type Pol z and L979F Pol z made GdGMP errors
at signiﬁcantly diﬀerent rates, values for NGdGMP and
Nnot GdGMP generated by wild-type Pol z were tested
against values for NGdGMP and Nnot GdGMP generated
by L979F Pol z. When multiple tests were performed,
the Bonferroni correction was applied using =0.05.
Fisher exact tests were used to compare diﬀerences
between the number of insertion/deletions and base sub-
stitutions in complex mutations versus those identiﬁed as
single mutations. Binomial probabilities were used to
identify mutation hotspots in the mutation spectra via
two methods. The ﬁrst method has been previously
described (51,52). The second, less conservative method
is described in the Supplementary Data.
RESULTS
Purity and specific activity of L979F Pol f
Wild-type and L979F Pol z were expressed in yeast and
puriﬁed as previously described (44). Each preparation
contained two major polypeptides whose masses corre-
spond to Rev3 and Rev7 (Figure 1A), indicating that
substituting phenylalanine for Leu-979 does not interfere
with the ability of Rev3 to interact with Rev7. The two
enzyme preparations were of high and comparable purity
(Figure 1A) and neither preparation contained detectable
exonuclease activity (data not shown). Using activated calf
thymus DNA as a substrate, the speciﬁc activity of L979F
Pol z was about 3-fold lower than that of wild-type Pol z
(Figure 1B). Both forms of Pol z have substantially lower
speciﬁc activity than three-subunit yeast Pol d, which has
a major role in chromosomal DNA replication.
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Figure 1. Purity and polymerase speciﬁc activity of puriﬁed L979F Pol z
and wild-type Pol z. (A) Puriﬁed wild-type L979F Pol z (LF) and
Pol z (wt). Samples of wild-type Pol z (500 and 250 mg) and of L979F
Pol z (400 and 200 mg) were analyzed on an SDS–PAGE gel and stained
with colloidal coomassie. Lanes marked M show molecular weight mar-
kers of the indicated sizes. (B) Polymerase speciﬁc activity. Activated calf
thymus DNA was used as a substrate to measure the catalytic activity of
Pol z and L979F Pol z. Yeast Pol d was used for comparison.
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Processivity of L979F Pol f
We examined the ability of wild-type Pol z and L979F Pol
z to copy an undamaged oligonucleotide primer-template
containing 40 nucleotides of single-stranded DNA tem-
plate (Figure 2A). This substrate was present in suﬃcient
excess over Pol z such that DNA products reﬂect a sin-
gle cycle of processive synthesis. Under this condition,
wild-type Pol z primarily incorporated 1–10 nucleotides
(Figure 2B, left), with a small proportion of products
reﬂecting processive synthesis to the end of the template.
The time-dependent accumulation of DNA products in
excess over the amount of polymerase used (Figure 2B
and C) indicates that at least some Pol z molecules disso-
ciate after synthesis and cycle to previously unused pri-
mers. As is expected for synthesis by Pol z (1), the
probabilities for termination of processive synthesis
are highest for the ﬁrst two incorporation events
(Figure 2D, open bars). After the ﬁrst two incorporation
events, Pol z is slightly more processive, because the prob-
abilities of termination drop from 30% to 40% for tem-
plate positions +1 and +2 to 5–20% for template
positions +2 through +9 (Figure 2D). We then tested
activity of Pol z in the presence of proliferating cell nuclear
antigen (PCNA), replication factor C (RFC) and replica-
tion protein A (RPA). The accessory proteins used in these
experiments are preparations that have previously been
shown to be active and can stimulate DNA synthesis
by yeast Pol d (see Figure 1 in ref. 53). With this undam-
aged primer-template, whose ends were blocked with
streptavidin, the inclusion of the accessory proteins had
little eﬀect on the processivity (Figure 2B) or termina-
tion probability (Figure 2D) of the wild-type Pol z
Figure 2. Catalytic activity of wild-type and L979F Pol z. (A) Substrate. The substrate consists of a 70-mer template oligonucleotide with a 50-biotin
moiety, to which were annealed a 14-bp oligonucleotide with a 50 biotin moiety and a 32P-labeled 16-bp primer without a biotin moiety. Streptavidin
was used to block substrate ends. (B) Primer extension assay. Eight- and ﬁve-fold excess substrate over enzyme were used for wild-type Pol z and
L979F Pol z, respectively. Under these conditions, each substrate molecule is encountered by a polymerase molecule only once. Where indicated,
PCNA, RFC and RPA were loaded onto the substrate and incubated for 2min, and then polymerase was added to start the reactions. Time points
were taken at 3, 6, 9 and 12min. A portion of the template sequence is shown at the left. (C) Primer extension activity. The number of DNA
molecules extended per polymerase molecule is plotted against time. Acc. prot. indicates presence of accessory proteins PCNA, RFC and RPA. (D)
Termination probabilities at each template position. The termination probabilities shown are an average of the four time points shown in (B), with
the error bars indicating the standard deviations between the time points.
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heterodimer. The accessory proteins did decrease primer
utilization by about two-fold (Figure 2B and C), suggest-
ing that the accessory proteins may inhibit cycling of Pol z
to new substrate molecules. These results are consistent
with earlier observations on the eﬀects of accessory pro-
teins on Pol z when copying undamaged DNA (see
Figure 1B in ref. 44). The lack of an increase in wild-
type Pol z processivity upon addition of accessory proteins
contrasts with the increased processivity observed when
these same accessory proteins were included in reactions
catalyzed by yeast Pol d (data not shown, for an earlier
example see ref. 48). It should also be noted that prelim-
inary experiments have indicated that the of concentration
NaCl in the reaction can aﬀect stimulation of Pol z by the
accessory proteins (Burgers et al., unpublished results) and
experiments to explore this eﬀect are ongoing.
When parallel reactions were performed with L979F Pol
z, its processivity (Figure 2B) and site-speciﬁc termination
probabilities (Figure 2D) were similar to those of wild-
type Pol z. However, the ability of L979F Pol z to cycle
between substrate molecules was reduced compared
to wild-type Pol z (Figure 2C). As with wild-type Pol z,
inclusion of the accessory proteins did not aﬀect process-
ivity or termination probability, and slightly decreased
cycling. Overall, the results indicate that substituting
phenylalanine for Leu-979 in yeast Pol z slightly reduces
speciﬁc activity and cycling behavior, but does not alter
processivity, so that L979F Pol z is capable of processive
incorporation, in some instances of at least 40 nucleotides.
Fidelity of L979F Pol f
Towards the goal of using the rev3-L979F allele for
functional studies in vivo, we determined the ﬁdelity of
L979F Pol z when copying an undamaged lacZ comple-
mentation template sequence in gapped M13mp2 DNA.
Parallel reactions were performed with substrates contain-
ing either the lacZ (+) strand template or the lacZ (–)
strand template. Because the composition and preparation
of the gapped substrates used in this study diﬀer slightly
from those used in a previous study of the ﬁdelity of wild-
type yeast Pol z (16, see Materials and Methods section),
we use new data generated here with wild-type Pol z for
comparison to L979F Pol z. Since the accessory proteins
PCNA, RFC and RPA are known to interact with Pol z,
gap-ﬁlling reactions were performed in the presence of
these proteins, in order to more closely mimic DNA syn-
thesis by L979F Pol z in vivo. Previous work suggested
that the accessories had a minimal aﬀect on the ﬁdelity
of wild-type Pol z (16). In the presence of the accessory
proteins, both wild type and L979F Pol z completely ﬁlled
the single-stranded gap in the (+) and (–) strand sub-
strates (data not shown). The M13mp2 DNA products
were scored for the frequency of colorless and light blue
plaques, which reﬂect DNA synthesis errors, among a
larger number of dark blue plaques resulting from correct
DNA synthesis. The mutant frequencies generated by
L979F Pol z were 5-fold higher than those of wild-type
Pol z for both templates (Table 1), indicating that the
phenylalanine substitution reduces the ﬁdelity of DNA
synthesis by yeast Pol z. The mutant frequencies generated
by both wild-type and L979F Pol z were 1.6-fold higher
for the (–) strand template versus the (+) strand template.
Although small, this diﬀerence is statistically signiﬁcant
(P< 0.001), consistent with sequence context-dependent
diﬀerences in Pol z ﬁdelity when copying the complemen-
tary strands (see below).
To explore sequence context-dependent diﬀerences fur-
ther and to deﬁne the error speciﬁcity of L979F Pol z,
we sequenced the lacZ-complementation gene and ﬂank-
ing M13mp2 sequences from collections of independent
mutant plaques generated by wild-type and L979F Pol z.
Sequencing lacZ mutants from reactions performed by
wild-type Pol z revealed one, or sometimes two, sequence
changes per mutant (Table 1). However, lacZ mutants
Table 1. Fidelity of Pol z and L979F Pol z in the presence of accessory proteins PCNA, RFC and RPA
Pol z L979F Pol z
FWD (+) strand REV (–) strand FWD (+) strand REV (–) strand
Total plaques 7359 7414 7072 4567
lacZ mutants 131 210 609 635
Mutant frequency 0.018 0.028 0.086 0.14
Number of mutants sequenced 90 96 106 115
Error Rates (10–5)
Frameshifts
–1 0.96 (6) 1.6 (7) 3.9 (6) 3.9 (4)
+1 0.48 (3) 0.47 (2) 4.6 (7) 5.9 (6)
Base substitutions
Detectable 16 (79) 25 (84) 77 (93) 146 (118)
Undetectable 52 (15) 45 (14) 300 (101) 460 (169)
Frequency of tandem double base substitutions 0.0002 (1)  0.0003 (0) 0.0089 (11) 0.0097 (8)
Frequency of complex mutations 0.0002 (1) 0.0009 (3) 0.058 (71) 0.14 (112)
Error rates for phenotypically detectable mutations and undetectable changes were calculated as described in Materials and Methods section.
Numbers in parenthesis represent the number of times the mutation event was observed. Complex mutations are deﬁned as multiple mutations
that occurred with nine or fewer intervening bases, excluding tandem double base substitutions. Both detectable and undetectable mutations were
included in tandem base substitutions and complex categories. The single-base substitutions or frameshifts observed within the tandem base
substitutions and complex mutations were not used in the error rate calculations of single-base substitutions or frameshifts.
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from reactions catalyzed by L979F Pol z contained many
more sequence changes per mutant (Table 1) and these
were non-randomly distributed (Figure 3). To determine
if more multiple mutations occurred more than would be
expected based on the mutant frequency, the Poisson dis-
tribution was used to predict the expected number of lacZ
mutants with two, three and four or more mutations, as
described by Drake et al. (54). Wild-type Pol z exceeded
the prediction for lacZ mutants containing two or more
detectable mutations for the (–) strand template but not
the (+) strand template (Supplementary Table 1), while
L979F Pol z signiﬁcantly exceeded the prediction for both
templates (Supplementary Table 1). In addition, at least
one silent hitchhiker mutation was observed in 94% of
lacZ mutants generated by L979F Pol z, while 15% of
lacZ mutants generated by wild-type Pol z contained a
hitchhiker mutation (Supplementary Table 1). Based on
the types, number and distribution of sequence changes
observed, we placed errors into four classes: single-base
deletions, single-base additions, single-base substitutions
and more complex errors containing two or more closely-
spaced sequence changes within nine nucleotides of
each other (rationale explained below). Using the mutant
frequencies and the proportions of each type of mutation,
we calculated (see Materials and Methods section) error
rates per nucleotide incorporated by wild-type and
L979F Pol z (Table 1). Due to the diversity in composition
and spacing of sequence changes among the complex
errors, we express these events as error frequencies rather
than rates (Table 1).
Single-base insertion and deletion error rates of
L979F Pol f
Consistent with our earlier study (16), wild-type Pol z
generates single-base deletions and insertions at rates of
about 10–5 (Table 1), which is similar to the insertion-
deletion error rates of other exonuclease-deﬁcient B
family enzymes (see Table 2 in ref. 16). In comparison,
the single-base deletion error rates of L979F Pol z were
4-fold and 2-fold higher than those of wild-type Pol z for
the (+) strand and (–) strand templates, respectively
(Table 1). Thus, substituting phenylalanine for Leu-
979 at the Pol z active site modestly increases the rate at
which deletion errors arise from misaligned intermediates
with an extra base in the template strand. L979F Pol z
error rates for single-base insertions were similar to those
for single-base deletions (Table 1). This contrasts with
most other polymerases, which generate deletions at sub-
stantially higher rates than additions (55). Moreover, the
rates of single-base insertions generated by L979F Pol z
were 10-fold and 12-fold higher than for wild-type Pol z in
the (+) and (–) strand templates, respectively (Table 1).
Thus, substituting phenylalanine for Leu-979 at the Pol z
active site substantially increases the rate of addition
errors involving misaligned intermediates with in an
extra base in the primer strand. Note that the eﬀect of
the L979F change on insertion-deletion formation by
Pol z is greater than indicated by these single-base rates,
because the majority of insertions and deletions were
observed among the changes present in the complex muta-
tions discussed below.
Base substitution error rates of L979F Pol f
As observed in our previous study of wild-type Pol z (16),
the majority of errors committed by both wild-type and
L979F Pol z involve base-base mismatches that result in
single-base substitutions (Table 1). L979F Pol z also gen-
erated tandem double base substitutions at a frequency of
about 0.9% (Table 1), a value that is much higher than for
other B family members. The single-base substitutions
were distributed throughout the (+) strand and (–)
strand templates (Supplementary Figure 2) and reﬂect for-
mation of all 12 mismatches (black bars in Figure 4A and
B). This includes an unusually high rate of GdGMP mis-
matches relative to other mismatches, as well as formation
of CdCMP mismatches, which are rarely generated by
most other DNA polymerases. The data for wild-type
Pol z are the baseline against which we compared L979F
Pol z. L979F Pol z generated a variety of substitutions that
were distributed widely but non-randomly along both the
(+) strand and (–) strand templates (Supplementary
Figure 3). When overall base substitution error rates
were calculated for L979F Pol z, they were about 5-fold
higher than for wild-type Pol z for detectable base substi-
tutions and 6–10-fold higher for silent base substitutions
(Table 1). We then calculated rates for each of the 12
diﬀerent single-base-base mismatches. We considered the
data for the (+) strand template and the (–) strand tem-
plate separately, in order to determine possible eﬀects of
sequence context on Pol z ﬁdelity as each of the two tem-
plate bases of complementary base pairs was copied
(Figure 4 and Supplementary Figure 1). L979F Pol z gen-
erated error rates that were higher than for wild-type Pol z
by factors ranging from 2-fold to 75-fold (compare black
and gray bars in Figure 4A and B). With both templates,
L979F Pol z signiﬁcantly elevated the rates of phenotypi-
cally detectable AdAMP, GdAMP, AdGMP and
TdGMP mismatches (Figure 4A and B), each of which
involve misincorporation of purine precursors. For silent
base-substitutions, the rates of AdAMP, AdGMP and
TdGMP mismatches were also signiﬁcantly elevated
by L979F Pol z for both templates (Supplementary
Figure 1A and B). Curiously, with both templates, the
L979F replacement reduced the error rate for CdCMP
mismatches (Figure 4A and B, Supplementary Figure 1A
and B). As a consequence, L979F Pol z has a very strong
bias for creating GdGMP over CdCMP mismatches,
the two mistakes that could lead to a G:C to C:G trans-
version in vivo. Biases in error rates were also observed for
certain other pairs of complementary mismatches, with
the extent of the bias varying from none (e.g. gray bars
in Figure 4A and B for CdTMP versus GdAMP), to
18-fold (e.g. Figure 4A for AdGMP versus T dCMP).
Complex errors generated by L979F Pol f
We reported earlier that wild-type yeast Pol z generates
lacZ mutants containing several single-base errors
clustered within short patches at a rate that had not
previously been seen with other DNA polymerases (16).
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Figure 3. Alignment of mutations within lacZ mutants generated by L979F Pol z. Alignment of a of sample sequences of lacZ mutants isolated from
gap-ﬁlling reactions using (A) the (+) strand template and (B) the (–) strand template. The 40 sample sequences shown were the chosen at random.
At top is a diagram showing the position of lacZ in the single-strand gapped region of M13mp2, which serves as the template for DNA synthesis.
The direction of DNA synthesis is indicated with the arrowhead. Each horizontal line below the template diagram represents the sequence of one
lacZ mutant. Mutations are indicated using pipe symbols for base substitutions, open triangles for –1 deletions and closed, inverted ﬁlled triangles
for +1 insertions. Gray boxes indicate locations of complex mutations, which are deﬁned as multiple mutations with nine or fewer intervening
nucleotides.
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In the present study, we again recovered a few such
mutants from reactions catalyzed by wild-type Pol z
(Table 1 and Supplementary Table 2). Moreover, L979F
Pol z generated a large number of complex events
(Table 1) scattered throughout the (+) and (–) strand
templates (Figures 3 and 5 and Supplementary Table 2).
Here we deﬁne complex mutations as clustered mutations
with nine or fewer intervening nucleotides. This distance is
based on structural data indicating that family B DNA
polymerases interact with duplex primer-template for up
to nine base pairs upstream of the polymerase active site
(30). This distance is also based on the signiﬁcant excess
of adjacent mutations generated by L979F Pol z that have
1–10 intervening nucleotides over the number predicted
by Monte Carlo simulations (Figure 6). L979F Pol z gen-
erated such complex mutations at very high frequencies,
0.058 for the (+) strand template and 0.14 for the (–)
strand template (Table 1). These complex mutations
varied by template position, in the number of closely
spaced mutations, in the spacing between mutations,
and in the types of sequence changes (Figure 5 and
Supplementary Table 2). At least one insertion or deletion
was observed in 23% of the complex mutations generated
by L979F Pol z during replication of either template. As a
result, the number of insertion-deletions observed within
complex mutations signiﬁcantly exceeded the number
observed individually (P=0.006). Among the 12 possible
base substitution errors, only A-to-C transversions were
signiﬁcantly over-represented within complex mutations
compared to those observed individually (P< 0.0001,
with detectable and undetectable mutations from both
templates pooled). A-to-C transversions involving
AdGMP mismatches were also the ﬁrst event in complex
mutations more often than any other sequence change.
Hotspots for mutations generated by L979F Pol f
Assuming that a set of mutations are randomly distributed
across the 322 nucleotides sequenced for each template,
binomial probabilities can be used to determine the prob-
ability of observing several independent mutations at a
particular location. Using a conservative approach,
which has been previously described (51,52), four hotspots
for single mutations were identiﬁed on the (+) strand
template at positions at which ﬁve or more single muta-
tions were created by L979F Pol z Similarly, three posi-
tions were identiﬁed on the (–) strand template where
seven or more single mutations arose. In order to identify
hotspots for complex errors, we applied binomial prob-
abilities to the positions where the ﬁrst mutation in each
complex error occurred. Only complex events where the
initial mutation occurs at a non-ambiguous position were
used in this analysis. These analyses revealed that hotspots
for complex errors generated by L979F Pol z occurred
when the ﬁrst events in four or more complex mutations
are located at the same position. Accordingly, hotspots for
complex mutations generated by L979F Pol z were identi-
ﬁed at three positions on the (+) strand template and
three positions on the (–) strand template (Figure 5 and
Supplementary Figure 3). When a less conservative
approach for identifying hotspots was used (described in
the Supplementary Data), one additional hotspot for
single mutations was identiﬁed on the (+) strand template
and on the (–) strand template, an additional 10 hotspots
for single mutations and one hotspot for complex events
were identiﬁed. When the more conservative approach
was applied, the template base is an A at six of the
seven hotspots for single mutations and all of the hotspots
for complex mutations (Figure 5 and Supplementary
Figure 3). Of the six hotspots for complex mutations iden-
tiﬁed using the more conservative method, two occurred at
positions that were also hotspots for single mutations.
The strongest of these dual hotspots is at position 176
on the (+) strand template, where single A-to-C transver-
sions occur at a rate of 3 10–3 and complex mutations
that initiate with A-to-C transversions occur at a fre-
quency of 6 10–3 (Figure 5). Because not every hotspot
for single mutations is also a hotspot for complex muta-
tions, nor is every hotspot for complex mutations also
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Figure 4. Base substitution error rates for wild-type Pol z and L979F
Pol z in the presence of accessory proteins. Error rates for the 12 pos-
sible mismatches which generate base substitutions are shown for
(A) the (+) strand template and (B) the (–) strand template. Only
single, phenotypically detectable base substitutions were used to pro-
duce these graphs. See Supplementary Figure 1 for undetectable base
substitutions. Each mismatch is shown paired with the complementary
mismatch. Rate calculations were as described (16) and statistical tests
were as described in Materials and Methods section. Single asterisks
indicate mismatches which are made by L979F Pol z signiﬁcantly more
often than by wild-type Pol z. Double asterisks indicate mismatches
which are made by L979F Pol z signiﬁcantly more often than by
wild-type Pol z and were made by L979F Pol z signiﬁcantly more
often than the complementary mismatch.
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a hotspot for single mutations, it likely that the local
sequence context may to some extent aﬀect whether
L979F Pol z roduces a single mutation or multiple closely
spaced mutations.
DISCUSSION
Catalytic activity
Our previous genetic study predicted that a phenylalanine
substitution for Leu-979 would not have a strong aﬀect on
the catalytic activity of Pol z, because rev3-L979F haploid
yeast retained nearly wild-type sensitivity to killing by UV
light (43). Here we conﬁrm this prediction and demon-
strate that the processivity of L979F Pol z is similar to
that of wild-type Pol z (Figure 2B and D), indicating
that sequence-dependent interactions of L979F Pol z
with the primer-template are nearly normal. Similar reten-
tion of signiﬁcant catalytic activity was reported for
substitutions at the homologous residues of RB69 Pol,
yeast Pol a, d and e, and human Pol a (31,35–40). These
observations are consistent with the crystal structure of
L415F RB69 Pol with a correct dNTP bound, which
shows that the phenylalanine substitution does not per-
turb the geometry of the nascent base-pair binding
pocket within the polymerase active site (38).
Previous studies have suggested that the sliding clamp
PCNA can recruit Pol z to sites of DNA damage, even
though Pol z lacks the consensus PCNA-binding motif
present in many DNA polymerases and DNA repair pro-
teins. However, while PCNA was found to stimulate TLS
by Pol z opposite UV-induced DNA lesions, PCNA had
little eﬀect on synthesis by Pol z opposite undamaged
templates (44). Our primer extension assays are in agree-
ment with those of Garg et al. (44), in that addition of
PCNA, RFC and RPA to primer extension reactions did
not aﬀect the processivity or termination probabilities of
wild-type or L979F Pol z when copying an undamaged
Figure 5. Spectra of mutations generated by wild-type and L979F Pol z. Mutation spectra for a portion of the lacZ template (positions +120
through +185) in the (+) strand orientation are shown for (A) wild-type Pol z in the presence of the accessory proteins and (B) L979F Pol z in the
presence of the accessory proteins. This portion of lacZ template was chosen because it contains the strongest hotspot for complex mutations
generated by L979F Pol z. The sequence is of the template strand and the direction of replication is indicated by the arrows. Single mutations are
shown above the template and complex mutations and tandem base substitutions are shown below the template. Phenotypically detectable mutations
are shown in black and undetectable mutations are shown in gray. Mutation types are indicated using letters for base substitutions, open triangles for
–1 deletions and inverted ﬁlled triangles for +1 insertions. Unchanged bases within complex mutations are indicated with dots. Mutation spectra for
the entire template can be found in Supplementary Figures 2 and 3.
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template (Figure 2B and D). However, the ability of wild-
type and L979F Pol z to cycle to new substrate molecules
was reduced in the presence of the accessory proteins
(Figure 2C), suggesting that while PCNA may be involved
in the recruitment of Pol z, additional factors may be
required to remove Pol z from DNA so that it can be
recycled to perform TLS elsewhere. Because Rev1 is
thought to promote TLS in vivo via interactions with the
Rev7 subunit of Pol z (56,57) and PCNA (58), studies
to assess the eﬀects of Rev1 on the activity and ﬁdelity
of Pol z are currently underway.
Error specificity for single-base substitutions
While L979F Pol z retains catalytic activity, it has reduced
DNA synthesis ﬁdelity in vitro compared to wild-type
Pol z. This property is consistent with the fact that the
rev3-L979F allele increases the rates of spontaneous and
UV-induced mutagenesis compared to wild type (43). The
elevated base substitutions error rates of L979F Pol z
clearly reveal that the phenylalanine substitution reduces
discrimination against misinsertion of incorrect dNTPs.
This is consistent with kinetic studies showing that the
equivalent L-to-F mutations in RB69 Pol and yeast Pol
a decrease misinsertion discrimination (37,38). It is also
possible that L979F Pol z is even more promiscuous for
mismatch extension than wild-type Pol z, which has
already been shown to extend mismatches with eﬃciencies
of 10–1 to 10–2 (20,23,24). Because L979F Pol z increases
the error rates of some mismatches more than others, with
the strongest eﬀects for mismatches created by misinser-
tion of purines (Figure 4 and Supplementary Figure 1), it
is possible that both misinsertion discrimination and/or
promiscuous mismatch extension may be compromised
to diﬀerent extents for each type of mismatch. Finally,
the variations in the locations (Figure 5) and rates of
base substitutions between the (+) strand template and
the (–) strand template (Figure 4 and Supplementary
Figure 1) suggests that diﬀerent neighboring sequences
may aﬀect ﬁdelity when copying the two complementary
strands of DNA. Regardless of the relative contributions
of misinsertion discrimination, mismatch extension and
sequence-context-dependent eﬀects, the result is that
L979F Pol z produces error rates that are particularly
high for misinsertion of purines (Figure 4 and
Supplementary Figure 1). As a result, for most of the
pairs of complementary mismatches that could account
for a particular base substitution in vivo when complemen-
tary strands are replicated, L979F Pol z is biased for creat-
ing the mismatch that involves misinsertion of a purine
rather than the complementary misinsertion of a pyrimi-
dine (Figure 4 and Supplementary Figure 1). As discussed
below, this property of L979F Pol z may be useful in
tracking Pol z function in vivo.
Complex mutations
A number of polymerases have been found to generate
complex mutations at a high frequency in vitro, including
yeast Pol z, as well as human Pol b and Pol y (16,59,60).
Wild-type Pol z has also been found to generate complex
mutations in vivo (6,7,17–19). L979F Pol z generates lacZ
mutants with two to ﬁve changes at signiﬁcantly higher
frequencies than predicted if these changes were generated
independently (Supplementary Table 1). When the
number of nucleotides between pairs of adjacent muta-
tions was examined, mutations having 1–10 intervening
nucleotides signiﬁcantly exceeded the number predicted
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Figure 6. Distances between adjacent mutations created by L979F
Pol z. This ﬁgure shows the number of nucleotides between each pair
of adjacent mutations identiﬁed from a single lacZ isolate for (A) the
(+) strand template and (B) the (–) strand template. The number of
mutation distances determined for any given lacZ isolate was N – 1,
when N is the number of mutations identiﬁed in that isolate. Because
adjacent mutations with zero intervening nucleotides may be produced
in a single mutation event, these are considered as a separate class. If
the one of the adjacent mutations was an insertion or deletion within a
homopolymeric run, the distance from the outermost nucleotide of the
run to the adjacent mutation was used. For example, a change of
TTTCGCCAGCTG to TTTTTCGCCTGCTA (mutated bases are
underlined) was considered to have 4 and 3 intervening nucleotides.
Both phenotypically detectable and undetectable mutations were used
in this analysis. Black bars represent observed values for each class.
Gray bars indicate expected values for each class, which were generated
by running 50 Monte Carlo simulations (see Supplementary Data for
details) of 104 sequences for the (+) strand (5650 total mutations;
average of 423 mutations per set) and 50 Monte Carlo simulations
of 113 sequences for the (–) strand template (5200 total mutations;
average of 250 mutations per set). Error bars for expected values repre-
sent 95% conﬁdence intervals.
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by Monte Carlo simulations (Figure 6). Both facts indi-
cate that L979F Pol z generates closely spaced sequence
changes more often than would be predicted by indepen-
dent single-base polymerization errors. This suggests that
the substitution of phenylalanine for Leu-979 exacerbates
the inherent propensity of Pol z for the generation of
multiple, closely space mutations. In considering the
mechanism responsible for the high rate of complex
mutations produced by Pol z and L979F Pol z, note that
the distribution of closely spaced mutations in Figure 6
correlates with processivity, as each enzyme processively
synthesizes 10-nucleotide patches and is capable of process-
ive synthesis of at least 40 nucleotides (Figure 2B). This
correlation and structural data for RB96 Pol (30) imply
that a mismatch located between one and nine nucleotides
upstream of the active site increases the rate at which the
polymerase generates a second error during processive
elongation. L979F Pol z generates such complex muta-
tions at frequencies that are much higher than would be
predicted based on the mutation rates for single mutations
alone. As one example, consider the most frequently
observed complex mutation generated by L979F Pol z.
This event was observed 8 times among the 106 lacZ
mutants that were sequenced (Supplementary Table 2).
It involved an ACG to CCC change starting at position
+176 of the (+) strand template. To generate this muta-
tion (Figure 7), L979F Pol z ﬁrst misinserts dGTP oppo-
site the template A, resulting in an AdGMP mismatch. It
then extends from this mismatch by inserting correct
dGTP the next template C. This is followed by misinser-
tion of dGTP opposite the next template G, and then mis-
match extension is again required. This series of four
unlikely events created the complex mutation at a rate at
least 1000-fold higher than predicted by the error rates for
individual A-to-C and G-to-C mutations at the same two
template positions (Figure 7, bottom). This suggests that a
perturbation in the duplex DNA upstream of the Pol z
active site greatly reduces the ﬁdelity of replication for
up to nine subsequent template bases. This idea was pre-
viously invoked to explain clustered single-base errors
made by HIV-1 reverse transcriptase in vitro that are
driven by dNTP pool imbalances (61). It was also invoked
to explain Pol z-dependent hotspots for complex muta-
tions observed in vivo, in spectra obtained from the
lys2DA746 reporter that selects for reversion via +1
frameshifts (18). The authors of the latter study suggested
that the ﬁrst misinsertion might occur at a site of endo-
genous DNA damage to which Pol z is recruited, leading
to misinsertion followed by strand slippage to generate
a single-base insertion.
Potential use of L979F Pol f to probe Pol f functions in vivo
The L979F Pol z error signature described here should be
distinctive enough to track the role of Pol z in mutagenic
synthesis in vivo. For example, certain single-base mis-
matches (e.g. GdGMP) are generated at higher rates
than are the complementary mismatches (e.g. CdCMP)
that could explain a base substitution (e.g. a GC to CG
transversion) in vivo. This type of bias has been used to
infer the identity of the major leading and lagging strand
DNA polymerases in yeast (31,36,40). In a similar
manner, the rev3-L979F allele could be useful to determine
the contribution of Pol z to strand-speciﬁc TLS (62,63)
and to transcription-coupled mutagenesis in vivo (64).
Indeed, we already found that rev3-L979F and
rev3-L979F rad30D strains have elevated rates of UV-
induced and spontaneous mutagenesis, suggesting that
L979F Pol z can bypass UV-induced and endogenous
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Figure 7. Model for generation of complex mutations by L979F Pol z.
This ﬁgure illustrates the events required to produce the complex muta-
tion generated by L979F Pol z at (+) strand position +176 (steps
explained in text). Error rates shown for misincorporation events are
for single A-to-C transversions generated by L979F Pol z at these
positions (Figure 4A). Eﬃciencies of extension from each mismatch
are from kinetic studies of wild-type yeast Pol z (GST-Rev3/Rev7) by
Johnson et al. (22). The observed frequency of the complex mutation
shown was calculated by dividing the number of complex events
observed by the number mutants sequenced, multiplied by the mutant
frequency.
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DNA lesions in a mutagenic manner (43). These possibi-
lities are currently being tested using puriﬁed L979F Pol z.
Unlike most other polymerases, L979F Pol z generates
tandem double-base substitutions at a high frequency, and
it generates complex mutations at an even higher fre-
quency (Table 1). Complex mutations have already suc-
cessfully been used to track wild-type Pol z function in
previous studies of strand-speciﬁc and sequence con-
text speciﬁc TLS in vivo using a +1 frameshift reversion
reporter system (6,7,17–19). Because L979F Pol z gener-
ates complex mutations at a frequency that is even greater
than wild-type Pol z, it may be particularly useful in
assays that require analysis of forward mutation reporters.
This idea is supported by our previous genetic study, in
which the numbers of complex mutations identiﬁed in the
mutation spectra from both spontaneous and UV-induced
can1 mutants isolated from a rev3-L979F yeast strain were
signiﬁcantly higher than those isolated from the REV3
strain (43). By extension, the generation of tandem
double and/or complex mutations by L979F Pol z may
prove useful in studies of the Pol z-dependent processes
that require DNA synthesis to ﬁll single-stranded gaps,
including the repair of intrastrand crosslinks, gap-ﬁlling
following replication past lesions, and recombination.
Finally, studying mammalian Pol z function in vivo is
problematic because knocking out Pol z function in mice
results in embryonic lethality (65–67). The fact that yeast
L979F Pol z remains active as a polymerase and only
modestly increases mutation rates and thereby may
avoid error catastrophe, suggests that mice bearing a
homozygous L-to-F missense allele of mouse Pol z could
be viable. If so, studies of this missense allele of Pol z in
mice could further our understanding of the contribution
of mammalian Pol z to spontaneous and damage-induced
mutagenesis, somatic hypermutation (14,15) and possibly
the origins of cancer.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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